In this letter, we extend the results previously found in near field imaging with aperture [Opt. Express 14, 11566 (2006)], where we demonstrated that interaction between light and sample can be divided into two main areas: the true near field and the contrast near field domain. Here, we show that in near field with a probe, the same division of space exists, and thus we show that a much simpler way to model theses experiments can be given.
Introduction
Near field optics has the very interesting possibility of breaking through the limit of diffraction, and offers the ability to image with a precision much better than the wavelength of the electromagnetic radiation used [2, 3, 4, 5] . A sample smaller than the incident electromagnetic wavelength re-emits light with a spatial frequency directly related to its size. However, this information is absent from the wave propagating in the far field, and near field measurements are required to image with subwavelength precision. Typically, an aperture with sub-wavelength diameter is positioned and moved very close to the sample under study. We recently demonstrated that the treatment of this interaction could be strongly simplified. We showed the existence of two specific domains in near field imaging: True Near Field (TNF) and Contrast Near Field (CNF) domains [1] . In TNF domain, mutual interaction between the object and the aperture leads to very complex analysis. On the contrary, in CNF domain, near field interactions still allow sub-wavelength measurements, but the sample weakly perturbs the aperture field distribution. Therefore, simple Green function propagation treatment is allowed. However, further improvements are mainly limited by the transmission through the aperture, which decreases as the third power of the diameter. An alternative widely used is apertureless near field microscopy, where the aperture is replaced by a conic probe. Here, the probe tip is put close to the sample in order to locally modify the electric constant. Once again, mutual interactions between probe and sample are the source of the complexity of the near field analysis and a reason why finite element programming [6, 7] is almost always used to precisely analyze the results. The question of defining a CNF domain for this system is however more complex, since the conic probe breaks the symmetry of the system, and since the whole probe diffracts the light over a large distance. Here, we demonstrate again the existence of a division of near field interaction space between TNF and CNF domains. We show that analysis in CNF is possible in apertureless near field imaging, and can be divided in two steps: first, a full 3D finite element analysis of the probe, and second, a simple field propagation using Green functions.
Simulation model and results
The system is depicted in Fig. 1 and is studied using two different procedures. The first is the complete solving of the full system, sample and probe, by full 3D ab initio finite element method programming [7, 8, 9] . It is the direct local resolution of the Maxwell's equations. This procedure can be found in Ref. [1] . The second procedure requires several steps. First, Maxwell's equations are solved in the system containing the probe alone, with 3D finite element method. Then, the electric field around the probe is extracted from the calculation and Green function propagation method is employed [1] . Classic scalar Green functions [10] are used to transfer the electric field from both the source and the probe around the sample to the far field detection domain. The propagated field is the convolution between the Green functions, describing the sample and the propagation media, and the calculated field around the probe. The convolution is performed at the point where the field is detected.
Most characteristics of the calculation are similar to the one used for near field imaging with aperture [1] . In near field with aperture, a great care was payed to the mesh inside the aperture. This issue is even more difficult here. The main difference between the two calculations is the locking of the mesh near the probe. Between different simulations, noticeable changes in the mesh structure near the probe can be noticed. Nevertheless, these changes do not lead to detectable modifications of electric field values near the probe, and so do not alter the results of the calculations. The size of the simulation boxes in the probe calculation is chosen to be much larger than the one used in the aperture calculation, in order to take into account the length of the probe, and to avoid the proximity between the probe and the limits of the simulation box. Thus, the simulation boxes were separated to the probe and the sample by at least 3λ .
In analyzing near field imaging with aperture, two parameters were defined to characterize the interactions between the sample and the aperture. The first one was related to direct experimental research, i.e. energy detection. ∆ was the difference between the energy calculated by 3D finite element method and Green function propagation at the detection point in the far field domain. The second one was linked to the very structure of near field interaction and was the maximal electric field gradient ∇ M between the probe and the sample. The latter was very useful, since it was less sensitive to geometry variation of both the aperture and the sample. Here, as the geometric effect of the probe is irrelevant, ∇ M is much less clearly defined in apertureless near field experiments. Therefore, the ∆ parameter is sufficient to describe most of experiments and is only discussed here. On Fig. 2 , we show an example of the evolution of ∆ with the normalized distance between the sample and the probe. Very interestingly, the behavior of ∆ in apertureless near field interaction is very similar to the one with aperture. It is not an obvious result, since in near field with aperture [1] , the light that interacts with the sample has only been scattered by the aperture. In apertureless near field, the light interacts at the same time with both the probe and the sample. Three domains are observable. First, a domain where ∆ is almost null. This domain corresponds to the far field domain. As the distance decreases, ∆ differs from its far field value. Its evolution is, at first, monotone. The limit of this domain is the distance L c (where ∆ can no longer be approximated 0). The behavior of ∆ is no longer monotone when L < L c and corresponds to a third domain, characterized by a more complex behavior. The apparent discontinuity between the two domains is clearly due to the numerical simulations and is not physical. In all simulations similar behaviors for both parameters have been encountered. The limit of the two near field domains are investigated, so the evolution of L c versus a/D and D/λ (Fig. 3) and the evolution of ∆ versus the normalized shifted distance d = (L − L c ) /D (Fig. 4) are studied. First, it should be noticed that L c and ∆ are independent of the probe tip normalized size. From  Fig. 3 , L c evolves as a linear function of the normalized size of the sample. We may notice that the slope of the linear fit is larger than the one found with near field in aperture (1.5 for probe and 1 for aperture). It characterizes the fact that the TNF domain is wider in apertureless near field than in near field with aperture. The main difference between the probe and the aperture is the potential influence of the cone of the probe. Several studies [11, 12] investigated the influence of the cone and showed that the cone acts as an antenna concentrating the electromagnetic field on the tip. Another parameter has then been investigated: the apex angle α of the probe (see Fig. 1 ). Results are shown in Fig. 5 . There seems to be no real influence of the angle on the limit between the CNF and TNF domain. However, this does not mean that the angle has no influence at all on the near field interactions. This angle plays a role on the intensity of the resulting field at the tip [12] , as well as on the contrast of the imaging [5] . The geometry of the probe has an impact on the contrast of the higher order diffracted electric field, i.e. higher order of interaction. This is the main difference between the two systems. In near field imaging with aperture, light sequentially interacts with the aperture and then with the sample. Here, light almost simultaneously interacts with both the probe and the sample. Mutual interaction is therefore stronger, due to higher order interactions between the radiated dipoles of the probe in the near field domain. Furthermore, here again the influence of the cone angle of the probe is negligible and there is no modification of the characteristic decreasing distance with α. Finally, it should be noticed that the behavior of ∆ is independent of the normalized size of the sample. Results on the evolution of ∆ and L c confirm the existence, in apertureless near imaging, as well as with aperture, of an interesting spatial domain, the CNF domain, in which the spatial resolution of near field still exists, and in which simple calculation may be achieved. From the limit of far field domain to the distance L c , is the CNF interaction domain. There, ∆ may be approximated to 0. In this domain the sample "feels" the near field effect of the probe, but modifies only slightly the electric field around it. So a separate evaluation of the fields around the probe and around the sample can be performed. When the probe is closer to the sample, calculations become much more complex and require a full 3D simulation. It should be noted that, on the contrary to the theory developed for near field with aperture, a good parameter describing, in a very general way, the electric field inside the TNF domain is lacking. Nevertheless, the study performed on aperture near field tends to indicate that a suitable parameter should describe some topology changes in the electric field. Any attempt to describe pure intensity, would encounter major difficulties because of the very high sensitivity of the field in this domain. Finally we may comment the difference between near field with aperture, and apertureless near field. Results show first, that evolution of L c /D for the probe exhibits a higher slope than for the aperture and second, that the characteristic distance of the decreasing exponential describing the evolution of ∆ is inferior for the probe than for the aperture. Thus, in apertureless near field, the TNF domain and the CNF domain are wider than in near field with aperture, and in the CNF domain the decrease of ∆ is slower in apertureless near field than in near field with aperture. These results may be explained with the simplest model usually used to describe near field interaction: the dipole model [5] . In Near field with aperture, the light that interacts with the aperture, generates an induced dipole. This dipole emits an electromagnetic field which induces a dipole on the sample. TNF is then located in the domain where the interaction of the induced dipole of the sample interacts with the induced dipole of the aperture. In apertureless near field, the same light both induces a dipole on the probe and on the sample. Thus, we may understand the differences between the two kinds of near field, to be a difference of induced dipole order of interaction.
During the first phases of near field imaging development, it was easier to design probes than apertures, so apertureless near field became popular. Nevertheless, today, both kinds of near field are more easily handled with new technologies of probe and aperture design. From the results of this study, we may prefer near field with aperture, because it leads to an easier access to CNF, and provides an easier analysis of near field experiment, especially when the sample is much smaller than the aperture.
Conclusion
In this paper, we have extended the work performed on near field with aperture to apertureless near field imaging. Results demonstrated that in apertureless near field interaction, two domains can also be considered: the true near field domain and the contrast near field domain. In the true near field domain, interactions between sample and probe are strong and complex, and so the electric field in the domain between these is profoundly modified. In contrast near field domain, the probe still interacts with the sample, but the electric field near the probe is not strongly perturbed by the sample. In this domain ∆ is monotonous and exhibit a decreasing exponential behavior of characteristic distance D/8. The limit L c between the two domains is linearly dependent of the size of the sample.
In TNF experimental conditions analyzing results implies a complete resolution of Maxwell's equation with full 3D finite element method simulations. In CNF experimental conditions, ∆ may be approximated to 0, and the analysis is divided in two steps, a 3D finite element method analysis and Green function propagation. This analysis method is much simpler and faster, and the small loss of spatial precision is compensated by the precise physical information gathered
